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	 The photoluminescence (PL) and dosimetric properties of Tm-doped CaGdAlO4 single 
crystals were investigated. The samples exhibited the luminescence arising from the 4f–4f 
transitions of Tm3+. Thermally stimulated luminescence (TSL) glow curve measurements 
revealed that Tm doping into the CaGdAlO4 lattice introduced new trapping centers. The 1% 
Tm-doped CaGdAlO4 showed the highest TSL intensity as well as PL quantum yield. The 
minimum detectable dose in the TSL dose–response function of the 1% Tm-doped CaGdAlO4 
was 1 mGy. 

1.	 Introduction

	 Owing to the recent increase in the use of ionizing radiation, improving materials for 
radiation detection is a key issue. Dosimetric materials using optically or thermally stimulated 
luminescence (OSL or TSL) phenomena are applied to personal and environmental dose 
monitoring and imaging plates.(1–4) During OSL and TSL processes, the energy of ionizing 
radiation is converted to carriers and temporarily accumulated within the materials. The carriers 
are released upon optical or thermal stimulation at any time, emitting OSL or TSL signals. From 
the OSL and TSL signals, the total amount and spatial distribution of irradiated dose can be 
estimated. Today, C-doped Al2O3 and BeO are the most commonly used materials in dose 
monitoring but they have limited sensitivity.(5,6) In addition, Eu-doped BaFBr and Eu-doped 
CsBr, which are well-known materials for radiation imaging, are hygroscopic.(7,8) For the above 
reasons, researchers have been developing novel dosimetric materials.(9–18)

	 CaGdAlO4 belongs to the rare-earth calcium aluminate family (ABCO4) and is attracting 
attention for optical applications such as a laser medium.(19,20) In addition, its good luminescence 
properties, low environmental toxicity, high thermal and chemical stability, and high atomic 
number (Zeff = 52.5) are suitable for dosimetric materials for imaging plates. Our previous study 
revealed that the Tb3+-doped CaGdAlO4 single crystal has high sensitivity for X-rays.(21) On the 
other hand, the rare-earth calcium aluminates tend to contain extra oxygens in the host lattice.(22) 
The extra oxygen oxidizes Tb3+ to nonluminescent Tb4+ and decreases the luminescence 

mailto:takebuchi@a.utsunomiya-u.ac.jp
https://doi.org/10.18494/SAM6081
https://myukk.org/


540	 Sensors and Materials, Vol. 38, No. 2 (2026)

efficiency.(23,24) Therefore, other activators that maintain the luminous valence state may 
possibly improve the efficiency. Tm in oxides is generally stable in the luminous Tm3+ state and 
is expected to emit photons effectively. In this study, Tm-doped CaGdAlO4 single crystals were 
grown by the floating zone (FZ) method, and the dependences of their photoluminescence (PL) 
properties as well as dosimetric properties on the Tm concentration were investigated.

2.	 Materials and Methods

	 Tm-doped CaGdAlO4 single crystals were synthesized by the FZ method. CaO, Gd2O3, 
Al2O3, and Tm2O3 powders (4N) were used as raw materials. The powders were weighed 
stoichiometrically in accordance with the chemical formula of CaGd1−xTmxAlO4. The nominal 
Tm concentrations were 0.5, 1, and 1.5%. Synthesized crystals were covered by graphite powder 
and annealed at 800 ℃ under reduced pressure to remove extra oxygen. Details of the sample 
preparation were described in our previous paper.(21) A part of each crystal was crushed into 
powder for X-ray diffraction measurement, which was performed using a diffractometer 
(Rigaku, MiniFlex600). Total transmittance spectra were measured using a spectrophotometer 
(Shimadzu, SolidSpec-3700). PL excitation and emission maps, as well as internal PL quantum 
yields (QYs), were measured using a Quantaurus-QY spectrometer (Hamamatsu Photonics, 
C11347). TSL glow curves were measured using a TSL reader (NanoGray, TL-2000).(25) The 
heating rate was 1 ℃/s. TSL emission spectra were measured using our original setup.(26) TSL 
dose–response functions were determined using the integrated intensity of the TSL glow curves. 
Before TSL measurement, the samples were irradiated with X-rays using an X-ray generator 
(Spellman, XRB80P & N200X4550). The bias voltage was set to 40 kV. The irradiation dose was 
controlled by controlling the tube current and irradiation time, as shown in Table 1. Only for the 
0.1 mGy irradiation, the distance between the X-ray generator and the samples was also adjusted.

3.	 Results and Discussion

	 Figure 1 shows the powder XRD patterns of the Tm-doped CaGdAlO4 along with a reference 
pattern from the Crystallography Open Database (COD 24-0221). The diffraction patterns are 
consistent with the reference pattern. No impurity peaks are shown in Fig. 1, indicating that the 
synthesized crystals are single-phase CaGdAlO4. Tm3+ (1.052 Å) is expected to substitute into 
the Gd3+ (1.107 Å) site because of their similar ionic radii and valence, although the peak 
positions remain constant regardless of Tm concentration.(27) 
	 Figure 2 shows the total transmittance spectra of the Tm-doped CaGdAlO4. All the samples 
show absorption peaks at 270 and 310 nm owing to the 8S7/2 to 6P7/2, 6Ij transitions of host 
Gd3+.(28,29) The 1 and 1.5% Tm-doped samples exhibit additional absorption peaks at 360, 470, 

Table 1
Tube current and irradiation time of the X-ray generator for each irradiation dose.

Conditions Dose (mGy)
0.1 1 10 100 1000 10000

Tube current (mA) 0.052 0.052 0.052 0.52 5.2 5.2
Irradiation time (s) 6 6 60 60 60 600
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and 690 nm attributed to the 3H6–1D2, 1G4, and 3F2,3 transitions of Tm3+, respectively.(28) The 
depth of the additional peaks increases as the Tm concentration increases. The overall 
transmittance of the samples is around 80% in the visible region. High transparency can be 
observed visibly, as shown in the inset of Fig. 2. On the other hand, the high-Tm-concentration 
samples show a broad absorption band at around 400 nm and slightly brown color. This 
absorption band would be due to extra oxygen at the interstitial site. According to a previous 
report,(30) when Gd3+ is substituted with Tm3+, which is isovalent, or smaller ions, the void space 
of the interstitial site increases. Therefore, Tm3+ doping increases the amount of extra oxygen, 
and the conditions of reduction annealing for the high-Tm-concentration sample are insufficient.
	 Figure 3 shows the PL excitation and emission map of the 1% Tm-doped CaGdAlO4. Here, 
the vertical and horizontal axes indicate the excitation and emission wavelengths, respectively, 
and the normalized intensities are indicated by a color scale. Upon excitation at 360 nm, 
luminescence peaks at around 470 and 800 nm are observed. The origins are attributed to the 
complex of the 1D2–3F4 and 1G4–3H6 transitions of Tm3+ and the 3G4–3H6 transitions of 
Tm3+.(31–33) In addition, an emission peak at around 740 nm is also observed, the origin of which 
would be the 2E–4A2 transitions of Cr3+ unexpected impurities.(34) All Tm-doped CaGdAlO4 
samples show the same emission bands. The PL QYs of the 0.5, 1, and 1.5% Tm-doped CaGdAlO4 
are 9.1, 23.2, and 13.8%, respectively. 
	 Figure 4 shows the TSL glow curves of the Tm-doped CaGdAlO4 after X-ray irradiation at 10 
Gy. In our previous reports, undoped CaGdAlO4 and CaYAlO4 exhibited a glow peak at 80–90 
℃.(21,23) The 0.5% Tm-doped CaGdAlO4 shows a glow peak at the same temperature region. 
The origin is considered to be an intrinsic ABCO4 host defect. The glow peak shifts slightly 
toward higher temperatures with Tm doping. In addition, a glow peak at around 200 ℃ appears 
in the 1 and 1.5% Tm-doped CaGdAlO4. The result indicates that Tm doping generates new 
trapping centers at slightly higher than 100 ℃ and around 200 ℃. A candidate for the origin of 
the glow peaks is cation vacancies. The segregation coefficient of Tm3+ in CaGdAlO4 actually 
has been determined as 0.61.(35) Thereby, cation vacancies are generated during crystal growth, 
and new trapping centers may be introduced. The high temperature peaks are advantages for 
fading properties. The trend of the TSL intensities is consistent with that of the PL QYs, and the 
1% Tm-doped CaGdAlO4 shows the highest TSL intensity.

Fig. 1.	 (Color online) XRD patterns of Tm-doped 
CaGdAlO4 with a reference pattern. 

Fig. 2.	 (Color online) Total transmittance spectra of 
Tm-doped CaGdAlO4.
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	 Figure 5 shows the TSL emission spectra of the Tm-doped CaGdAlO4. The inset shows the 
enlarged view between 300 and 520 nm. Upon heat stimulation of 100 ℃, the samples show five 
emission peaks at 370, 460, 475, 740, and 800 nm. The results of PL indicate the origins to be the 
1D2–3F6, 1D2–3F4, 1G4–3H6, and 3H4–3H6 transitions of Tm3+ for the peaks at 370, 460, 475, and 
800 nm, respectively, and the 2E–4A2 transitions of Cr3+ for the 740 nm peak. Compared with PL 
spectra, the relative intensity ratio between the PL and TSL spectra is different because of the 
different excitation processes. In the PL process, activator ions are directly excited by excitation 
photons. In the TSL process, however, activator ions are excited by carriers released from 
trapping centers. Therefore, the excitation energies in each process are different. In fact, the 
3H4–3H6 transitions of Tm3+ and the 2E–4A2 transitions of Cr3+ also occur by other excitation 
energies although the PL emission maps have been measured under only 250–400 nm excitation 
in this study.(32,34) For the above reason, emissions at around 740 and 800 nm are dominant in 
the TSL process.
	 Figure 6 shows the TSL dose–response function of the 1% Tm-doped CaGdAlO4, which 
shows the highest TSL intensity. The minimum detectable dose (MDD) is 1 mGy in the 1% Tm-
doped CaGdAlO4. This value is worse than those of our previous Tb-doped CaGdAlO4 and 
practical TSL materials, whereas the PL QYs of the Tb- and Tm-doped samples are almost the 
same.(21,36) Actually, the TSL reader for the TSL glow curves and dose–response function cuts 
luminescence exceeding 520 nm to avoid black body radiation. From the TSL emission spectra, 
however, most carriers are converted to 740 and 800 nm photons, and the luminescence below 
520 nm is weak. Thereby, the TSL efficiency is underestimated in this measurement. Choosing a 
suitable dopant without red luminescence and preventing Cr3+ impurities by using high-purity 
raw materials may possibly improve the TSL signal of CaGdAlO4.

Fig. 3.	 (Color online) PL excitation and emission 
map of 1% Tm-doped CaGdAlO4. The vertical and 
horizontal axes indicate excitation and emission 
wavelengths, respectively.

Fig. 4.	 (Color online) TSL glow curves of Tm-doped 
CaGdAlO4.
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4.	 Conclusions

	 In this study, the PL and TSL properties of Tm-doped CaGdAlO4 single crystals were 
examined. By the FZ method, we successfully synthesized transparent and single-phase 
CaGdAlO4. The Tm-doped CaGdAlO4 exhibited luminescence originating from the 4f–4f 
transitions of Tm3+, and Tm doping up to 1% increased the PL QY.  In TSL glow curve 
measurements, the 1 and 1.5% Tm-doped CaGdAlO4 showed a glow peak at around 200 ℃ in 
addition to the glow peak at around 90 ℃ owing to intrinsic host defects. One of the candidates 
for the new trapping center is cation vacancies introduced by Tm doping. The 1% Tm-doped 
CaGdAlO4 exhibited the highest TSL intensity owing to the highest PL QY and the increased 
trapping probability. The MDD of the 1% Tm-doped CaGdAlO4 was determined to be 1 mGy. 
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